Medical device related infections are a significant and growing source of morbidity and mortality. Biofilm formation is a common feature of medical device infections that is not effectively prevented or treated by systemic antibiotics. Antimicrobial medical device combination products provide a pathway for local delivery of antimicrobial therapeutics with the ability to achieve high local concentrations while minimizing systemic side effects. In this review, we present considerations for the design of local antimicrobial delivery systems, which can be facilitated by modeling local pharmacokinetics in the context of the target device application. In addition to the need for local delivery, a critical barrier to progress in the field is the need to incorporate agents effective against biofilm. This article aims to review key properties of antimicrobial peptides that make them well suited to meet the demands of the next generation of antimicrobial medical devices, including broad spectrum activity, rapid and biocidal mechanisms of action, and efficacy against biofilm.
Introduction
Antimicrobial medical device combination products for local infection prevention is a rapidly growing area of research and product development that holds great promise for improving patient outcomes [1] . Device associated infections (26%) and surgical site infections (22%) together account for nearly half of all US health care-associated infections [2] . The rate of these infections as well as the involvement of multidrug resistant pathogens continues to increase with overall infection rates as high as 25-50% for heart assist devices, 10-30% for bladder catheters, 5-10% for fracture fixation devices and dental implants, 5-8% for central venous catheters (CVC), and 15-20% for patients receiving mechanical ventilation [3] [4] [5] [6] . Most implant related infections are resistant to systemic antibiotics and will continue until the implant is removed [7] . In many cases, device removal is associated with substantial morbidity and costs. In addition, removal may not be an option for patients that are dependent on the device for function or that cannot withstand an additional surgery. Infection is also a major contributor to impaired healing in chronic wounds [8] [9] [10] [11] [12] and the most expensive complication in acute surgical, trauma, and burn wounds [11] .
Perioperative systemic administration of antibiotics is standard practice for preventing infection associated with implanted devices [13] [14] [15] . Given the high number of device related infections, perioperative antibiotics are clearly not sufficient and once an infection has developed, systemic antibiotic therapy is largely ineffective. Similarly, there is little evidence to support the use of systemic antibiotics to improve healing of infected chronic wounds [16, 17] . The poor efficacy of systemic antibiotics in these contexts is due to a number of factors including 1) difficulty of achieving effective antibiotic concentrations at the sight of infection [13, 18] 2) high propensity of pathogens to form biofilms on the device surface, peri-device space, or wound bed [7, 19] and 3) continuous development of microbial resistance and loss of susceptibility to existing antibiotics [20, 21] . Successful approaches to prevent device and wound infections remains a pressing clinical challenge.
Local administration of antimicrobials provides an opportunity to overcome some of these challenges. Benefits of local delivery include greater control over the antimicrobial delivery rate, the ability to codeliver one or more agents, and potential for high local drug concentrations with significantly lower overall systemic exposure [13, 18, 22] . Agents that may be considered for co-administration include those that work synergistically with the primary antimicrobial or agents that improve overall device patency by preventing fouling or promoting healing and tissue integration. Complimentary agents may include for example, biofilm inhibitors and disruptors [23] , anti-adhesive materials to reduce protein deposition and microbial attachment [24, 25] , anti-inflammatory agents, growth factors and osseointegration promoters [26] . For blood contacting devices, most notably intravascular catheters, there is an association between thrombus formation and infection [27, 28] . For these devices, there is clear need for approaches that provide protection against not only bacteria but also fouling.
Antibiotic resistance is increasing at an alarming rate resulting in many infections that are extremely difficult to treat or untreatable [29, 30] . It is widely recognized that antimicrobial resistance is exacerbated by the fact that the majority of chronic human infectious diseases, including medical device and wound related infections, are associated with biofilm [31] [32] [33] [34] [35] . Microbial biofilms comprise polymicrobial communities enclosed within a self-produced extracellular polymeric substance (EPS) adherent to biological tissue and/or synthetic surfaces of medical devices [36, 37] . The susceptibility of bacteria to conventional antibiotics is typically significantly lower in biofilms relative to their planktonic counterparts [38] , requiring up to three orders of magnitude higher antibiotic concentrations and longer times to eradicate bacteria in biofilm [39] [40] [41] [42] . There is a need to develop antimicrobial approaches for medical devices that rely on alternative antimicrobial agents that are effective against biofilm. This is important to not only ensure efficacy but also to help curb resistance development and preserve the potency of front line clinical antibiotics.
In this review, we present considerations for development of antimicrobial medical devices with a focus on requirements for local drug delivery, strategies for incorporating antimicrobials into devices, and promising approaches for combating device related infections that go beyond the use of conventional antibiotics.
Requirements for local antimicrobial delivery systems and combination products
Requirements for local anti-microbial delivery systems depend on the type of device, conditions of use, duration of implantation, and potential pathways and pathogenesis of infection [43, 44] . Design requirements for the duration and strength of the antimicrobial effect should be dictated by the potential routes and duration of microbial invasion for the device's intended use. Perioperative exposure is widely recognized as the most common route for microbe introduction and device related infections for fully implantable devices. Pathogens may be introduced at the time of surgery from the patient's skin and clinical environment, including the hands of clinical staff [7, [45] [46] [47] . Although infection due to haematogenous seeding is possible, the rate of occurrence is substantially lower for most devices [48] [49] [50] . Therefore, the duration of high risk for microbial invasion and device colonization is thought to be limited. Local delivery systems that provide antimicrobial protection of both the device surface and adjacent tissues for a time period sufficient for healing and recovery of host defenses are considered adequate for many such applications [13, 19, 22, 34] . In the case of prosthetic joint devices, however, infections related to haematogenous seeding and late infections can be a significant problem and may justify longer term delivery approaches [51] . A different situation exists with access devices, percutaneous and permucosal implants that breach skin and epithelial barriers thus allowing for continuous microbial invasion during the entire period of device use [43] . For example, continuous invasion of mechanical ventilators and colonization of endotracheal tubes occurs via inhalation, aspiration from the oropharynx, reflux from the stomach and other routes [52] . In the case of intravascular catheters, microbial invasion pathways include the skin at the port of entry, catheter hubs, and infusate [47] . Devices with the risk of continuous microbial invasion require effective protection over the entire period of intended use.
Biofilm is a defining feature of foreign body related infections. In most cases, once a biofilm is established on the surface of a device, it is untreatable and the only viable option is device removal [34, 43, 49, 53] . Therefore, strategies for development of antimicrobial medical devices should focus on preventing attachment of viable bacteria and biofilm formation following implantation. Depending on the specific application, local antimicrobial drug delivery systems may be applied to the site of device placement as a separate dosage form segregated from the device or it might be integrated with the device for example, by impregnation, admixing during device fabrication, or as a coating on the device surface [13, 22] . One example of a segregated implantable antimicrobial delivery system is Collatamp® (EUSA Pharma), a gentamicin loaded, lyophilized resorbable collagen sponge. This product has been shown to reduce postoperative infection rates in patients that have undergone groin hernia repair by insertion of a prosthesis [54] as well as surgical patients with dirty-infected wounds [55] . Short term CVCs impregnated or coated with antiseptics and antibiotics are examples of integrated antimicrobial drug/device combinations that have demonstrated effectiveness in reducing catheter colonization and catheter related blood stream infections [56, 57] .
Although segregated antimicrobial implantable dosage forms appear feasible for some applications, the majority of devices will require integration of the antimicrobial delivery system either in bulk or on the surface of the device to cover spatial and overall performance requirements. This is a challenging endeavor that dictates balancing variables needed to achieve successful drug delivery with those required to achieve proper device function [1, 58] . The key challenges include:
• Selection of antimicrobials having optimal physicochemical properties (solubility, diffusivity and chemical stability in biologic fluids and tissue) • Selection of antimicrobials that display favorable therapeutic indices for the target application as well as appropriate local pharmacokinetics (PK) and pharmacodynamics (PD) to ensure efficacy while minimizing toxic effects [59] ; • Selection of a biocompatible delivery carrier that enables controlled drug release without compromising the primary function of the device [43] ; and • Development of a manufacturing process, including sterilization, that does not compromise the in process stability or shelf stability of the drug, or the performance properties of the combination product as a whole [1, 58] .
Considerations for selecting an antimicrobial agent
Selection of an appropriate antimicrobial agent is critical for successful prevention of infection. The antimicrobial agent's potency, therapeutic index, mode of kill, spectrum of antimicrobial activity, and its relevance to the device's intended use must be considered [60] . Biofilms and device related infections are commonly polymicrobial and selection of a broad spectrum antimicrobial is preferred [60] . When the antimicrobial agent is released from the device surface, a time dependent diffusion driven concentration gradient is created at the device interface with surrounding fluids and tissue. The portion of the gradient above the minimal inhibitory or biocidal concentration is referred to as zone of inhibition (ZOI) or zone of kill [22, 59, 61, 62] . The depth (or volume) of the ZOI decreases and vanishes with time due to depletion of the antimicrobial agent in the carrier, diffusion, and elimination from the sight of potential microbial invasion. Therefore, one needs to understand the rate of kill for a given antimicrobial in the context of the agent's concentration versus time and distance from the device. It is important to relate these factors to the ZOI size considered suitable for the application and the period of time that it needs to be maintained in vivo in order to design an appropriate antimicrobial drug release mode [59, 63] . At the same time, the prevalence of biofilm forming pathogens found in clinical isolates [31] presents serious challenges; biofilms form rapidly within 24 h [45] and this process is accompanied by development of tolerance to antibiotics. Tolerance associated with biofilm formation has been shown to increase the concentration of antibiotics required for bacteria inhibition by one to three orders in magnitude [18, 40] . It is also well known that pathogens become more virulent when they reside on foreign body surfaces; the infectious dose (amount of microbes required to cause infection) could be thousands of times lower on a foreign surface as compared to the infectious dose in tissue [64] . Effective antimicrobial treatments capable of decreasing residual pathogens on device surfaces to near zero or well below infectious doses are needed to avoid microbial re-growth and infection development. In this connection, bactericidal antimicrobial agents that are capable of fast and complete or near complete microbial kill offer advantages over bacteriostatic antibiotics that primarily prevent bacterial growth and typically work more slowly [65] [66] [67] . Moreover, development of novel anti-microbial agents or novel combination therapeutic approaches that are both rapidly bactericidal and prevent biofilm formation would be ideal [68, 69] .
Compartment model for local drug delivery
The design of local delivery systems could be facilitated by modeling local pharmacokinetics in the context of the target device application. In the case of systemic antibiotic administration, PK/PD modeling and PK/ PD characteristic indices are widely used and accepted for interpretation of relationships between antibiotic dosing, concentration in blood circulation, and therapeutic outcomes [70] [71] [72] . However, the basis for interpretation of therapeutic effect with systemic administration is usually the time course of drug concentrations in blood rather than concentrations in target tissue. Such indirect modeling of tissue drug levels has been recognized to be flawed and a source of confusion [73, 74] . Unfortunately, development of PK/PD models for local drug administration has not yet been the subject of significant attention, in particular for models relevant to local anti-infective treatment. Experience acquired during development of combination drug/device products such as drug eluting coated stents shows that assessment of local pharmacokinetics both from a theoretical and experimental standpoint is much more difficult relative to systemic PK [75] . Local pharmacokinetics can be significantly modulated by non-uniform conditions at the device/tissue interface such as the presence of fluid flow, liquid pockets, and variations in tissue density. These variable conditions lead to different contributions of diffusion and convection to drug transport as well as drug elimination [75] . However, development of even relatively simple models could be useful for evaluating key factors such as dosing and understanding trends in relationships between kinetics of local delivery and possible pharmacodynamic outcomes. To demonstrate this we adapted a one-compartment PK model for systemic drug administration by substituting the volume of drug distribution V d , with the volume of zone of inhibition, V ZOI [76] . In this model, the input of antimicrobial drug in the V ZOI compartment is governed by a first order rate constant for drug release from the carrier, whereas output from the V ZOI is controlled by first order elimination rate constant which is a single integral parameter combining such processes as drug diffusion away from the V ZOI compartment as well as drug degradation and possible irreversible binding to components of biologic fluid and tissue. Further, we substituted the first order release and elimination rate constants with equivalent terms comprising corresponding half-times (rate constant = ln(2) / half-time). Finally, we normalized the model with respect to unit surface area (per 1 cm 2 ) by dividing V ZOI by total surface area of the drug carrier: V ZOI / [surface area] = L, which is equal to ZOI depth. The obtained expression for the model is shown in Eq. (1) below:
In Eq. (1) C(t) represents the average drug concentration in ZOI compartment at given time, t. A is the initial drug load per unit area of the carrier, L is the minimal desired depth of ZOI (or V ZOI per unit surface area of drug carrier), t R and t E represent half times of release into and elimination from the ZOI, respectively.
Understanding the minimal size or depth of ZOI needed for providing adequate anti-microbial protection has a profound impact on the pharmacokinetic requirements of local delivery. Fig. 1 presents simulations of concentration-time profiles for four hypothetical cases that involve a relatively thin ZOI (L = 0.1 cm). In these examples, the hypothetical delivery system is loaded with 1000 μg/cm 2 of a hypothetical antimicrobial agent with known MIC (minimal inhibitory concentration), MBEC (minimal biofilm eradication concentration) and C tox (maximal tolerated concentration) as shown in the figure. In all simulated cases, the half-time of release is maintained constant at t R = 24 h, whereas the elimination half-time, t E , is varied. In a thin ZOI, elimination half-times, t E , are in general expected to be short due to the short distances the antimicrobial agent needs to travel before leaving the ZOI. In a thicker ZOI, depending on the physicochemical properties of the antimicrobial molecule, drug degradation and protein/tissue binding [75] will contribute more substantially to elimination. The concentration of an antimicrobial agent in a thin ZOI or in the close vicinity to the surface of a device may be readily maintained well above MIC and MBEC for a prolonged period. However, prolonged exposure to toxic concentrations could result in adverse side effects if elimination is retarded, for example, at locations where the device is in intimate contact with tissue (Example case 4, Fig. 1 ).
In Fig. 2 , the targeted thickness of the ZOI has been increased 10 times to L = 1 cm, while the initial loading of anti-microbial agent was kept at the same level of 1000 μg/cm 2 . Increasing the ZOI volume leads to drug dilution and a significant drop in average drug concentration within the ZOI as is seen from comparison of case 2 ( Fig. 1 ) with case 5 (Fig. 2) , which have the same characteristic release and elimination half-times. In case 5 ( Fig. 2 ) with a thick ZOI, slow release and fast elimination result in sub MIC antimicrobial concentrations rendering the system ineffective even against planktonic bacteria. Moreover, it has been shown that prolonged sub-MIC exposure is not just inefficient but can also select for antibiotic resistance [22, 77] . In addition, there is some evidence that suggests that exposure to sub-MIC concentrations of certain antibiotics can enhance biofilm formation [78] [79] [80] . To achieve better outcomes in the thick ZOI the half-times of release (t R ) and elimination (t E ) were varied in a broader range. For case 6 in Fig. 2 , which includes a moderate release half-time and fast elimination halftime, the concentration of antimicrobial agent stays between MIC and MBEC for a relatively short period. Such a system might have efficacy against motile bacteria provided that the time of the concentration above MIC is sufficient to kill all microbes, however the system is inefficient against biofilm. A system with fast release accompanied by moderate elimination half-time as shown in the case 7, leads to concentrations in ZOI exceeding maximum tolerable level, C tox , which might lead to unacceptable side effects. Finally, case 8 in Fig. 2 provides an example of the optimum combination of slow release and elimination half-times that result in antimicrobial concentrations above MBEC and MIC as well as below the toxicity limit for a prolonged period. This type of system would have the highest likelihood for being both efficient against infection and tolerable.
It should be emphasized that the drug loading in all simulated cases from Figs. 1 and 2 was the same. Dramatic differences in the time course of local concentrations resulted exclusively from the key pharmacokinetic properties of the delivery system and the minimal depth of ZOI that was assumed to be needed for effective infection prevention. It should also be noted that antimicrobial agents that are highly effective against biofilm (i.e. the closer the MIC and MBEC are), will provide more flexibility in achieving the necessary release rate.
It is believed that for achieving adequate treatment, in vivo concentrations of antimicrobial drug in the zone of inhibition must be several times higher than the minimal inhibitory concentrations measured in vitro [60] . The depth of an achievable ZOI depends on clinical context. For intravascular devices such as catheters and vascular implants, the ZOI will likely be relatively thin due to dilution of released antimicrobial into the bloodstream. On the contrary, for extravascular devices, implants, and bone cements, wider ZOI might be created provided that the drug is not irreversibly binding to surrounding tissues or rapidly degrading in situ.
Considerations for selecting approaches and materials for coating medical devices
Efficient liberation and full recovery of antimicrobial agents from their carriers in vivo over the desired period is important both for efficacy of treatment and for minimizing the time of exposure to residual sub-MIC antimicrobial concentrations. Recovery of the active agent is dependent on many factors. These include the physicochemical nature of the carrier material and it's interaction with the active agent, the morphological and phase structure of the delivery composition, and the mode of the antimicrobial agent's distribution within the carrier material, which could be impacted by the fabrication process. Release of the antimicrobial will also be influenced by the stability of the agent and physicochemical transformations in the system when it is exposed to in vivo conditions and/or during storage and handling prior to use. As an example, polymethylmethacrylate (PMMA) non-biodegradable bone cements loaded with antibiotics demonstrate poor antibiotic recovery, usually less than 10%, over a reasonable therapeutic period [81] . This is followed by very slow flux delivering the drug at sub-MIC concentrations for several years thus contributing to arising drug resistant bacteria such as MRSA [82, 83] . To overcome this problem, efforts have been made to modify PMMA composition by adding water soluble and biodegradable materials that have significantly improved antibiotic recovery and release profiles [84] .
Selection and development of materials suitable for combination products must balance the primary functional requirements of the device, namely mechanical properties and biocompatibility [85] [86] [87] with the need to achieve an appropriate drug delivery profile, which will depend on both the antimicrobial and the material [44] . Biocompatible materials that display a range of properties are currently available for medical devices and combination products. These include nonbiodegradable plastics such as polyethylene, polypropylene and PMMA, non-biodegradable elastomers such as silicones and polyurethanes, synthetic bio-degradable polymers such as poly-lactic, polyglycolic acids and polycaprolactone, naturally derived biodegradable materials such as collagen, gelatin, hyaluronic acid and demineralized bone, and inorganic fillers such as calcium hydroxyapatite and calcium sulfate [60, 85, 86] . Further, excipients and formulation technologies utilized in implantable [88, 89] and parenteral [90, 91] drug delivery dosage forms might be adapted for combination products to modulate an antimicrobial agent's release profile.
Integration of antimicrobials with a device might be accomplished either by incorporation of the agent in the bulk of the device material or by coating the device surface with an antimicrobial composition. Another option is creating hollow reservoirs for loading antimicrobials inside the implant with orifices that provide a conduit for the agent to reach the surface [92] . Incorporation of antimicrobials in the bulk of a device by admixing and co-processing with a polymeric device material is usually limited to intrinsically very stable antimicrobial compounds such as inorganic salts, oxides and metals that can withstand common medical device manufacturing conditions that usually involve high temperatures and shear stresses. An example of such a device is the Vantex™ CVC (Edwards Life Sciences, California), which comprises an antimicrobial material extruded from polyurethane combined with silver, platinum metals and carbon black. Some antibiotics might be admixed with curable liquid silicone rubber and co-molded into rubbery silicone devices that can demonstrate long lasting anti-microbial activity [93] . Feasibility of this approach for a broad range of antimicrobials could be hampered by risks of drug degradation and interference with the silicone curing reaction that might lead to leachable chemical by-products of unknown nature and toxicity. However, some drugs such as contraceptive steroids were proven to be suitable for incorporation into silicone rubber matrix to form rods for subcutaneous sustained release dosage forms [94] .
Incorporation of antimicrobials in the bulk of a device can be also accomplished by impregnation from a suitable solvent. Efficiency of impregnation strongly depends on the device material and is, for the most part, limited to elastomeric devices, namely silicones [95] and polyurethanes [96] that are capable of swelling in impregnating solutions thus allowing the drug to diffuse deep into the material. The main advantage of incorporating antimicrobials in the bulk is that the whole capacity (volume) of device can be potentially utilized for agent loading thus allowing for higher doses and longer release durations. Although impregnation is relatively simple to apply and offers some advantages, it provides little room to modulate release profiles and commonly yields a relatively high burst release with limited duration of activity. The choice of delivery formulation is substantially limited by the properties of the device material. For example, particulate forms of drugs could be useful formulation tools in modulating release modes but it is rather difficult to impregnate the bulk of device with a suspension. Since impregnation processes are controlled by slow diffusion, achieving uniform concentrations of drug across the thickness of the device could be difficult without employing sufficiently long impregnation times. Thus, due to the nature of the process, impregnated devices have a tendency to accumulate the majority of the drug dose within a relatively thin superficial layer. In turn, such non-uniform impregnation across device depth tends to result in a highly asymmetric release profile with high initial burst followed by sharp drop in the drug flux after a relatively short period of time.
When device impregnation is not a viable option various coating approaches might be employed. For example, ureteral stents made of an olefinic block copolymer were coated with a hydrogel that was subsequently impregnated with antibiotics [97] . These stents demonstrated in vitro antimicrobial activity for 3-16 days against common ureteral pathogens. Antimicrobial agents can be incorporated into a polymer coating by solvent casting methods [98] . For example, silver sulfadiazine has been dispersed in a polyurethane solution in N,N-dimethylacetamide and then dip coated on endotracheal tubes [99] , which demonstrated efficacy in prevention of tube colonization for 72 h in a sheep model. Coating from solvent systems offers a lot of flexibility in the types of tools that can be implemented to tailor release profiles. Coating from solvent allows flexibility in the coating composition as well as the option to utilize multiple layers having different release properties, including top coats that can serve as release controlling membranes. One potential disadvantage associated with coating is that there may be a limit to the allowable thickness, which in turn, will limit the capacity for antimicrobial loading. Another disadvantage is that it could be difficult to apply a uniform coat on devices with intricate shapes. Depending on the device composition and coating materials, poor adhesion could be a problem as well, especially in the case of metal substrates such as titanium alloys that are widely used in implants. Metal substrates might require the use of tie layers or surface modification with primers and chemical grafting to achieve sufficient adhesion. As an example, Morra and coworkers treated titanium screws with propylene plasma followed by acrylic acid grafting to enable coupling of collagen to the surface. The chemically grafted collagen layer then was impregnated with antiseptics from aqueous solutions [100] . Using an anodization process, the surface of titanium can be modified to create titanium nanotubes [101] or titanium oxide nanotubes [102] that have been used as reservoirs for loading antimicrobials. Unfortunately, release from such structures is typically too rapid [101, 102] . However, the rate of release from such structures can be controlled to some degree by coating the active loaded nanotubes with a polymer [103] or by formulating the agent with suitable excipients, for example by co-precipitation [104] .
Design considerations for development of antimicrobial medical device combination products are summarized in Table 1 .
Biofilms and limitations of antibiotics, antiseptics, and silver
Most bacterial infections can be cleared by either the host immune system or treatment with systemic antibiotics. However, in the presence of a foreign body, bacteria readily bind to the surface and form biofilms where the cells are effectively protected by their self-secreted EPS [105] . EPS constitutes about 80-90% of biofilm and may vary in chemical and physical properties, but it is primarily composed of neutral or polyanionic polysaccharides and other biopolymers such as DNA, proteins and teichoic acids [106] . The EPS matrix provides effective protection to bacteria against both the host defense system and antibiotics. It also causes complex metabolic, genomic and growth mode changes leading to bacterial self-adaptation to external stresses and damage [68] . Susceptibility of bacteria to conventional antimicrobials is usually significantly lower in biofilms as compared to planktonic microbial counterparts [38] . It has been shown in vitro that minimal biofilm eradication concentrations (MBEC) for conventional antibiotics are in the range of 4-4000 times higher than the minimal inhibitory concentrations (MIC) for the same bacterial strains in planktonic suspension [39] [40] [41] and longer times are often needed to eradicate established biofilm [39, 42] . Most antibiotics were developed against planktonic bacteria and target functions of metabolically active bacteria. The metabolism of bacteria within a biofilm differs significantly from their planktonic counterparts [107] . Even within the biofilm, bacteria near the surface may be more metabolically active than those deep within the biofilm. Antibiotic therapy whether delivered systemically or locally may be effective at reducing symptoms of a biofilm related infection, however, due to tolerance of the more dormant bacteria deep within the biofilm, some bacteria may persist and result in a recurrent infection. As mentioned above in Section 1, this is commonly the case for medical device related infections, necessitating device removal in order the clear the infection.
Many device and wound related biofilms are polymicrobial in nature. They may involve both gram positive and gram negative bacteria as well as fungi, underscoring the need for a broad spectrum approach. One example that highlights the importance of a broad spectrum approach involves the minocycline/rifampin coated CVCs. A significant increase in the clinical rate of Candida colonization has been reported for these catheters by more than one group [108, 109] . Although the minocycline/rifampin catheters reduce colonization by coagulase negative staphylococci, their limited spectrum of activity appears to open the door for opportunistic pathogens which are arguably more virulent. In fact, the rate of mortality for CVC infections involving Candia is approximately 39%, higher than any other CVC related blood stream infection [110] .
The majority of antimicrobial modified medical devices are based on the use of antiseptics such as chlorhexidine and/or metals such as silver.
Although clinical efficacy has been demonstrated for intravascular catheters impregnated with chlorhexidine and silver sulfadiazine [111] , high quality evidence that supports a clinical benefit for the majority of antiseptic and/or silver coated devices, including wound care products, is lacking [112, 113] . In fact, several of these products have been associated with poorer outcomes [112] . Similar to antibiotics, chlorhexidine, as well as a number of antiseptic and silver based dressings, display poor efficacy against bacteria in biofilms [114, 115] . Combined with the fact that most antiseptics and silver ions display toxicity against host cells at levels associated with antimicrobial efficacy, [116, 117] it is clear why it has been difficult to demonstrate a clinical benefit for many antiseptic and silver coated products.
Antimicrobial peptides (AMPs) -promising therapeutics for medical device combination products
Antimicrobial peptides (AMPs) are a class of peptides that evolved to provide nonspecific immune protection in organisms ranging from prokaryotes to humans. The most well studied AMPs commonly display an amphipathic conformation having positively charged and hydrophobic groups segregated onto opposite faces of an alpha helix, beta-sheet, or other tertiary structure [118] . This structure confers affinity and selectivity for the outer leaflet of bacteria membranes resulting in binding, membrane disruption, and ultimately death. Most AMP sequences do not exceed 50 amino acids and more than 2600 such peptides either obtained from natural sources or de-novo synthesized are known to date [119] . AMPs are typically classified based on their structure, source, and mechanism of activity which is discussed in a number of excellent reviews and is beyond the scope of this article [120] [121] [122] [123] . Numerous AMPs have demonstrated activity against multi-drug resistant bacteria as well as a low rate in selecting resistant bacteria phenotypes leading to a strong interest in these molecules as a potentially vast source of novel anti-infective therapeutic agents to combat antibiotic resistant infections and biofilms [124] [125] [126] [127] [128] [129] .
Desirable properties of AMPs for medical device and wound applications
AMPs commonly display broad-spectrum, biocidal activity with multiple modes of action. These include direct kill in many cases and indirect antimicrobial effects including immunomodulatory, chemotactic, and anti-endotoxin activities as well as stimulation of wound healing and angiogenesis [130] . The most prominent mechanism of action of cationic amphiphilic AMPs involves binding to bacteria and permeabilizing or forming pores within their membranes resulting in destabilization and lysis. This mechanism of action is rapid and is expected to remain effective against slow growing or sessile bacteria within biofilms, which are the primary underlying cause of difficult to treat medical device associated infections. Several AMPs have been reported to inhibit biofilm formation and/or the ability to effectively kill bacteria in existing biofilms [125, 131, 132] . In addition, very low concentrations of some AMPs have been shown to inhibit biofilm formation [133] . This is an important contrast to antibiotics where exposure to sub-MIC concentrations has been reported to stimulate biofilm formation [134, 135] . In the case of medical device coatings, where the concentration of an antimicrobial will decrease with distance from the device and will diminish overtime, this could prove to be a significant advantage.
AMPs have co-existed with microbial pathogens over millions of years and remained surprisingly effective. Nevertheless, it is well recognized that some pathogens have acquired mechanisms to reduce their susceptibility to host defense peptides. [136] [137] [138] [139] . Mechanisms that have been reported include production of proteases that cleave AMPs, production of proteins that bind host defense peptides, modification of the bacteria's surface charge resulting in reduced AMP binding, changes to bacterial membrane fluidity, and in some limited cases, expulsion of peptides by multi-drug resistance pumps [140] . It is unlikely that any antimicrobial will be completely immune to the emergence of resistance and there is some concern that extensive use of AMPs could lead to selection of bacteria with reduced susceptibility. Most cationic AMPs display rapid killing kinetics and function by affecting multiple low-affinity targets that create stresses at multiple sites, making it more difficult for microbes to acquire strong resistance mechanisms [130, 141, 142] . In contrast, modern conventional antibiotics are designed to block specific high affinity targets thus allowing pathogens to focus on developing strong antibiotic resistance determinants against the specific target. Deslouches and coworkers recently evaluated the propensity for Pseudomonas aeruginosa resistance development to two de novo designed cationic AMPs relative to rifampin, LL37 and colistin in vitro. Serial passaging of three P. aeruginosa strains in the presence of subinhibitory antimicrobial concentrations (0.5 × the MIC) lead to phenotypes resistant (fold MIC, N 10) to rifampin within 3 days, to LL37 within 9 days, and to colistin within 13 days. Phenotypes resistant to the de novo designed antimicrobial peptides did not emerge until 25 to 30 days. These results underscore the fact that not all antimicrobials are created equal and highlight the potential for engineered AMPs to demonstrate longer times to develop experimentally induced resistance when compared both to their natural AMP counterparts and clinical antibiotics.
In addition to a lower propensity to select for resistant bacteria based on mechanism of action, it is important to recognize that relatively rapid elimination of AMPs plays a significant role in limiting exposure and selective pressures for resistance. Rapid elimination and toxicity are two factors that have limited the development of AMPs as systemic antimicrobials [143] . However, the "on demand" localized biosynthesis and fast biodegradation of host defense AMPs is one of the factors that has contributed to their evolutionary sustainability as well as host tolerability [141] . In the same vein, rapid elimination by protein binding and degradation could be a beneficial feature for application of AMPs in medical device coatings. Successful coatings will necessitate formulations that protect peptides from the surrounding environment until release, while maintaining an adequate flux to prevent biofilm formation. Once released, relatively rapid elimination will reduce potential for resistance development as well as toxicity. Perhaps most importantly, AMPs offer a mechanism of action that is distinct from that of conventional antibiotics. As such, use of AMPs to protect medical devices is unlikely to confer resistance to front line clinical antibiotics, and may help preserve their efficacy by reducing infection rates. Moreover, because resistance traits to conventional antibiotics do not appear to impact the efficacy of many AMPs, the efficacy of AMP coated devices are not likely to be lessened by the growing number of antibiotic resistant bacteria.
Challenges associated with applying AMPs to medical devices
The main obstacles to implementing antimicrobial peptides as therapeutics to date have been delivery, stability, and toxicity (particularly hemolysis) which all depend on the application and mode of delivery [144] [145] [146] . In addition to safety and technical challenges, regulatory approval of products based on this new class of antimicrobials has proven to be a significant ordeal [147] . With the exception of gramicidin, which is used for topical administration, no AMPs have received US Food and Drug Administration (FDA) approval. In spite of these challenges, medical devices and topical treatments represent a unique opportunity to utilize the benefits of AMPs while minimizing issues that have limited their use for systemic therapies. This will only be possible if stability issues can be overcome. Stability of labile therapeutics depends on their intrinsic stability, availability of stabilization approaches for the entity, overall delivery formulation, conditions required for processing, and packaging. All of these factors must be studied before a successful product can be developed.
Achieving acceptable stability and purity of AMPs in combination products during manufacturing and after terminal sterilization poses significant challenges. Even though many parenteral solid dosage forms comprising peptide drugs and other labile drugs have been successfully developed, these products are usually manufactured in lyophilized forms containing bulking agents such as protective sugars by freezing-drying from liquid formulations that are usually sterilized by filtration and then aseptically filled in final closure containers thus avoiding terminal sterilization [148, 149] . Moreover, cold storage and transportation is an acceptable practice for labile drugs. In contrast, for the large majority of medical devices, which entail more sophisticated fabrication processes, aseptic manufacturing and cold storage are not practical. As a result, the majority of peptide coated devices need to be compatible with terminal sterilization. Room temperature shelf stability post sterilization will also be mandatory in most cases. Standard device sterilization methods namely, gamma irradiation and ethylene oxide gas are known to cause significant degradation of peptides. Gamma irradiation induces formation of radicals that cause oxidation of peptide amino acids via a multitude of reactions [150] . Alternative less common radiation sterilization methods such as UV light are also detrimental for peptides [151] . Due to high reactivity of ethylene oxide, it easily forms hydroxyethylated adducts with many amino acids, in particular such adducts were identified with cysteine, methionine, histidine and N-terminal valine [152, 153] .
There is a lack of publications on the impact of process conditions, sterilization methods and storage conditions on the stabilities of AMPs in combination devices. However, some experience acquired during development of implantable peptide drug solid dosage forms could be very valuable. For example A. Rothen-Weinhold et al. extensively studied biodegradable polylactic acid (PLA) based rods prepared by melt extrusion as sustained delivery implantable depot loaded with vapreotide, a cyclic octapeptide which is a shorter analog of somatostatin, an inhibitor of growth hormone secretion [154] . Vapreotide is a highly hydrophobic peptide which was used in the form of the pamoate -a counter-ion derived from hydrophobic pamoic acid. When extruded into PLA rods veprolide pamoate could withstand temperatures 80-90°C for up to 1 h without significant degradation. The veprolide/PLA rods were sterilized with gamma irradiation on dry ice at − 78°C to minimize degradation, and no significant increase in impurities was observed immediately after exposure to a 25 kGy irradiation dose which is considered adequate for sterility assurance [155] . However, 10-month post-irradiation, a stability study showed that the peptide in the samples sterilized and stored in air atmosphere degraded by about 15% at 40°C, whereas the peptide in the samples sterilized and stored under nitrogen or argon atmosphere underwent about 7% degradation. At the same time, samples stored for 9 months at 4°C had less than 1% peptide degraded with any single degradant entity not exceeding 0.5%. It has also been shown that the purity of the PLA grade had a significant impact on vapreotide degradation, in particular, residual amounts of lactic acid present in PLA at less than 1% caused more than 5% peptide degradation due to formation of a lactoyl-lactyl-vapreotide conjugate via the N-terminus amine group [156] . It follows from the PLA/ vapreotide rod example, that successful development of AMP combination devices with acceptable shelf stability might require exploration and implementation of several strategies related to selection of appropriate materials, formulations and AMP forms that facilitate peptide in-process and shelf stability, optimization of process conditions as well as customization of sterilization and packaging. The cost of AMPs and their associated manufacturing challenges could prove to be a significant barrier to implementation of AMP based coatings for low margin devices.
AMPs -de novo designed, modified structures, and mimetics
Most natural AMPs evolved to function in a specific environment and their efficacy is limited to a narrow range of conditions. They are also susceptible to proteolytic degradation and exhibit limited selectivity, resulting in issues with hemolysis and cytotoxicity. These features effectively result in a relatively low therapeutic window relative to conventional antibiotics. To overcome these limitations, several groups have developed de novo designed peptide sequences [157] [158] [159] [160] . These sequences incorporate characteristics common to natural AMPs with changes designed to increase stability and function within a range of biological media. Deslouches and coworkers have designed de novo AMPs that display improved activity over a broad range of conditions including physiologic NaCl, in the presence of divalent cations, and in serum [161] [162] [163] . These peptides have also shown good selectivity for P. aeruginosa over mammalian cells within a co-culture system [157] and excellent activity against both gram positive and gram negative multidrug resistant organisms [164] .
Life times of AMPs can be extended without losing full biodegradability by employing approaches in peptide design known to improve in vivo stability, such as including cysteine disulfide bonds to increase structure rigidity, introduction of proline residues, and C-terminal amidation [141] . For example, Kim with colleagues used a rational approach in synthesizing new short, lower cost 15-mer peptides comprising all natural amino acids with improved proteolytic stability and selectivity indices by avoiding protease-scissile peptide bonds in the sequences to the extent possible, at the same time maintaining an amphiphilic structure, wherein the hydrophobic face was split with one cationic lysine residue to reduce mammalian cell toxicity [165] . Two peptides were identified in this work to possess significantly improved proteolytic stability and broad-spectrum potency that was only moderately reduced in the presence of saline and human serum. The peptides also demonstrated very low cytotoxicities against human red blood cells, HaCaT keratinocytes, and human foreskin fibroblasts at concentrations about 10-20 times above MICs. Since the activity of AMPs may vary widely over different pathogens, optimization of efficacy and safety of AMP/device combination products can be also facilitated by utilizing a case by case principle of choosing peptides with the best selectivity and activity sub-spectrum relevant to a particular device application. Designing high quality controlled release systems with reproducible delivery of AMPs within the desired therapeutic concentration windows will also contribute to improved combination product safety and efficacy.
High production costs, low stability and low selectivity of AMPs has stimulated an extensive search for AMP mimetics that would be devoid of these weaknesses [166] . AMPs comprising natural L-amino acids are susceptible to relatively fast enzymatic proteolytic degradation. To overcome short life-times a number of approaches to modify or mimic AMP sequences have been explored [167, 168] . In particular, the impact of partial or full substitution of natural L-amino acids with their D-enantiomeric forms on antimicrobial activity, hemolytic toxicity, and proteolytic stability have been studied [169] [170] [171] . Proteases and peptidases target peptide bonds comprising L-amino acids, therefore D-amino acid diastereomers possess good proteolytic stability because they are not readily metabolized in humans. Substitution with D-amino acids might lead to either an increase or decrease in antimicrobial potency, as well as changes in toxicity and selectivity indices. However, the most potent examples of D-amino acid diastereomers in general display broad-spectrum antimicrobial bactericidal activity similar to that of their most potent L-amino acid AMPs. Fluorination of AMPs is another possible pathway of modulating antimicrobial activity, enhancing proteolytic stability, improving selectivity against pathogens, and efficacy against biofilms [172, 173] . Modification of peptide sequences can be accomplished by incorporating fluorinated amino acids such as trifluoroleucine, trifluoroisoleucine, hexafluoroisoleucine and hexafluorovaline or introducing other fluorine containing moieties. Gimenez and Andreu with co-workers explored the effect of introducing fluorine atoms or trifluoromethyl groups within the chain or at the C-terminus of three short 5-mer cationic peptides and found that fluorination enhanced anti-microbial activity against Escherichia coli and Staphylococcus aureus in some cases more than 10-20 times [174] .
Large classes of amphiphilic AMP inspired mimetics comprise α-peptoids [175, 176] , β-peptides [177, 178] and β-peptoids [179] (Fig. 3) . Natural peptides are built of α-peptide bonds (structure I in the Fig. 3 ) that are susceptible to enzymatic cleavage, whereas structures II-IV in the Fig. 3 are not attacked by proteases and peptidases. Ryge et al. investigated 20 sequences of lysine-α-peptoid hybrids and found that many of these molecules have high potency and broadspectrum activity against clinically relevant gram-positive and gramnegative bacteria, including antibiotic resistant strains as well as antifungal activity [180] . Activity against gram-negative bacteria in general was lower compared to that for gram-positive bacteria. Toxicity of the I. α-peptide II. α-peptoid III. β-peptide IV. β-peptoid Fig. 3 . Structures of α-peptide, α-peptoid, β-peptide and β-peptoid. R is side chain moiety.
mimetics was evaluated against red blood cells (RBC) at lysine-peptoid concentrations of 50 μg/mL and several molecules were found to be slightly hemolytic or non-hemolytic at concentrations 2-30 times above MICs. Huang et al. investigated more than 30 linear and cyclic α-peptoid oligomers against gram-positive and gram-negative bacteria and found potent antimicrobials with relatively low hemolytic activity [175] . Gellman et al. studied structure-property relationships in β-peptides and discovered molecules with potent antibacterial activity at the same time displaying non-hemolytic properties at concentrations up to 10 times above their MICs [177, 178] . C.A. Olsen et al. designed 17 different β-peptoid-peptide hybrid oligomers and evaluated their antimicrobial activity, hemolytic activity against human red blood cells (hRBC) and cytotoxicity against HeLa cells [179] . A number of the oligomers were potent against methicillin-resistant S. aureus (MRSA), vancomycin-resistant Enterococcus faecium (VRE), P. aeruginosa, E. coli and Candida albicans. For a number of the oligomers, 10% hRBC lysis occurred at concentrations (HC 10 ) exceeding 10 times MIC, however in some cases critical pre-hemolytic membrane alterations in hRBCs were observed at lower, close to MIC concentrations. For the majority of the β-peptoid-peptide mimetics investigated 50% viability (IC 50 ) of HeLa cells was observed at near MIC concentrations. The least toxic oligomer had IC 50 = 258 μg/mL, HC 10 N 500 μg/mL and MICs in the range 9-143 μg/mL against the panel of pathogens tested. Lipopeptides, in particular conjugates of fatty acids or fatty alkyl groups with cationic peptide motifs or with peptide mimetics are another class of molecules that have been explored as potential antimicrobials. Tirrell et al. took 12-mer and 18-mer lysine rich peptides with poor antimicrobial activity and conjugated them to lauric acid to obtain bactericidal lipopeptides that were potent against planktonic E. coli and Staphylococcus. epidermidis [181] . Gillmor et al. studied activity against planktonic and sessile bacteria of C6-C16 fatty acid conjugates with the tetrapeptide Orn-Orn-Trp-Trp-NH2 comprising two unnatural amino acids (Orn) [182] . The resulting C10 and C12 lipopeptides demonstrated the highest biocidal activity against planktonic grampositive and gram-negative bacteria with MICs ranging from 2 to 16 μg/mL, however poor efficacy was observed against most biofilms tested. Makovitzki with colleagues explored conjugates of C12, C14 and C16 fatty acids with ultra-short cationic di-, tri-and tetra-peptides comprising both L-and D-enantiomeric forms of amino acids [183, 184] . A number of conjugates were discovered to have broad-spectrum activity against planktonic gram-positive and gram-negative bacteria and fungi with no or slight hemolytic activity at concentrations about 2-10 times above MICs. Efficacy of three lead palmitoyl (C16)-peptide conjugates were studied in a fungal infection model in mice. Animals were infected subcutaneously (SC) with C. albicans complexed to Cytodex beads and treated at the site of the infection with SC injection 1 h after the infection followed by once daily SC treatment over the next 3 days [184] . After 5 days of infection the biopsied skin of the mice treated with C16-KKK lipopeptide was devoid of fungal contamination, only slight fungal contamination was obtained in the skin of mice treated with the other two lipopeptides and no damage to the skin tissue was observed, whereas the skin treated with vehicle control showed severe fungal contamination. Barron et al. explored short α-peptoids alkylated with C5-C13 fatty tails to mimic lipopeptides [185] . Several molecules were identified with potent broad-spectrum activity against 16 bacterial strains and C. albicans. Hemolytic concentrations yielding lysis of 10% RBC were 2-65 times above MICs for candidates with the best selectivity indices.
Ceragenins recently gained attention as another type of amphiphilic cationic compound designed to mimic the activities of antimicrobial peptides [186, 187] . Ceragenins have been synthesized from a steroid scaffolding of cholic acid derivatized with amine groups. In particular ceragenin CSA-13 has potent bactericidal activity against clinical strains of multidrug resistant S. aureus (MIC ≈ MBC ≈ 1 μg/mL) [188] and clinical biofilm forming isolates of P. aeruginosa (MIC ≈ MBC in the range of 3-25 μg/mL) [189] . Nagant et al. studied activity of ceragenin CSA-13 against young and mature P. aeruginosa biofilms including clinical isolates as well as effect of CSA-13 on the integrity of human umbilical vain endothelial cells (HUVEC) [189] . The anti-biofilm activity was strain dependent and about 3 to 30 times higher (20-200 μg/mL) concentrations of CSA-13 were needed to eradicate the biofilms including those formed by tobramycin resistant strains, at the same time eradication of 12-days mature biofilms required 9 days exposure to the drug and some biofilm strains appeared to be fully resistant. CSA-13 concentrations causing significant permeabilization of HUVEC eukaryotic cells were estimated to be in the range of 20-50 μg/mL or rather in the lower end of the concentrations range effective against biofilms underscoring the challenges in developing new antimicrobials with high selectivity against biofilms.
Examples of AMP coated devices
C.K. Bower et al. [190] studied antimicrobial properties of fluorinated ethylene propylene CVCs and polyvinyl chloride tracheotomy tubes treated with nisin, a cationic peptide belonging to the class of lantibiotics produced by Lactococcus lactis and used as food preservative [191] . The catheters and tubes were immersed in phosphate buffer solutions containing 1 mg/mL nisin immediately before placement in animal models, samples treated with saline were used as controls. Intravenous catheters were placed in jugular vein of sheep, whereas the tracheotomy tubes were inserted in the mid-cervical region of the trachea in ponies. Residual nisin activity in the samples was tested postimplantation against a nisin-sensitive strain of Pediococcus pentosaceus. It was found that the catheters retained residual activity for 5 h while the tracheotomy tubes only for 1-2 h. There was no evidence of any adverse effects from placement of nisin-treated samples in veins and trachea. The short lived antimicrobial effect observed in this study is obviously associated with the method employed for coating the devices that neither allowed for deposition of significant doses nor led to prolonged nisin release.
Ability of AMP mimetic, cationic steroid ceragenin CSA-13 to prevent peri-operative device related infections was studied using an in vivo sheep model infected with MRSA [192] . Approximately 1/3 of the surface of titanium plug bone implant was made porous and coated with curable liquid medical grade silicone rubber admixed with 18% CSA-13 and cured at room temperature after coating the implant. The coat average thickness was 150 ± 75 μm with average CSA-13 loading 5.25 ± 0.50 mg per implant, and CSA-13 release level established in vitro was 14.84 ± 1.21 μg/mL/24 h, well above MIC of 2.5 μg/mL. The CSA-13/silicone coated implants were placed in femoral condyle of sheep bone and were found to be effective in preventing MRSA infection development in the sheep model as was evidenced by radiographic, histologic observations and microbiologic samplings from the bone, soft tissues and implant itself. However, one animal (out of five) in the CSA-13/silicone coated group acquired a severe soft tissue infection which was attributed to a spill of about 1/3 of MRSA inoculum in the soft tissue about 3 cm away from the CSA-13 coated implant during the surgical procedure. The distance of the bacterial inoculum spillage in this case proved to be greater than the depth of zone of kill estimated to be few millimeters from a separate in vitro dye diffusion experiments in cadaver bone. The CSA-13 releasing silicone coated titanium plug implants did not have adverse effects on bone ingrowth which was similar to the biocompatibility control group suggesting that the pathogen inoculum was killed fast before it had opportunity to erode the peri-implant bone. Thus, the CSA-13 releasing silicone coating demonstrated bactericidal potential without adversely affecting skeletal attachment.
Minardy et al. investigated silicone ureteral stents impregnated with Tachyplesin III peptide alone and in combination with intraperitoneal injection of piperacillin-tazobactam (TZP) antibiotic for preventing P. aeruginosa biofilm formation in a rat infection model [193] . Tachyplesin III is a 17-mer AMP isolated from horseshoe crabs exhibiting broad-spectrum activity against Gram-positive and Gramnegative bacteria as well as strong anti-biofilm activity as was found in preliminary in vitro tests in this study against adherent P. aeruginosa. One group of 15 animals received the stents impregnated with the peptide solution immediately before subcutaneous implantation. Second group received peptide impregnated stents followed by TZP intraperitoneal injection. Third group received uncoated stent and TZP injection. Both sterility and infection control groups received uncoated stents. All stents were explanted 5 days after placement and inoculation and bacteria recovered from stents was counted. Both groups with coated stents only and TZP injection only showed more than 3 log 10 (cfu/mL) reduction in recovered bacteria compared to infection control, whereas the combination of peptide coated stent + TZP injection showed more than 5 log 10 (cfu/mL) reduction with residual bacterial counts near the detection limit of 10 cfu/mL. There was no clinical evidence of drug treatment related adverse effects and none of animals died in any group. Even though subcutaneous infection model may not fully reflect ureteral conditions the obtained very promising results in this study support potential utility of AMPs for prevention of device related infections.
Currently bone cements loaded with antibiotics such as gentamicin are used for treatment of osteomyelitis. However, developing resistance against gentamicin is prompting for search of alternative anti-microbial agents. H.P. Stallman et al. investigated efficacy of anti-microbial peptide hLF1-11 in calcium phosphate cement on a rabbit model of femur infection [194] . hLF1-11 is short AMP with broad-spectrum activity comprising eleven N-terminal amino acids 1-11 of human lactoferrin. The AMP/cement efficacy was tested against Staphylococcus aureus strain susceptible to gentamicin and compared to gentamicin/cement as well as untreated infection and sterility control groups. Cements loaded with 50 mg/1 g of hLF1-11 or gentamicin were prepared immediately before bacterial inoculation of drilled bone canals. After 21 days of implantation animals were sacrificed and bacterial loads (cfu/g) in the excised bone samples with the cements were measured. The hLF1-11group showed 2 log 10 (cfu/g) reduction and gentamicin group 2.5 log 10 (cfu/g) reduction relative to untreated infected controls. Residual bacterial load was 4.2 log 10 (cfu/g) in the AMP group and 3.7 log 10 (cfu/g) in the gentamicin group. It is known that in general antibiotic recoveries from setting bone cements are poor and it was previously found by the authors of this study that hLF1-11 release significantly slows down due to peptide binding to the cement [194] underscoring the need for cements with better release properties in particular for more expensive anti-microbial agents such as AMPs.
Summary and conclusions
Medical device related infections are a significant and growing problem that is not adequately addressed through the use of systemic antibiotics. Antimicrobial medical device combination products promise to reduce infection risks by providing high antimicrobial concentrations at the target site while minimizing systemic side effects. With proper formulation, combination products have potential to provide prolonged, consistent antimicrobial delivery at the device surface to prevent device colonization. The design of local antimicrobial delivery systems could be facilitated by modeling local pharmacokinetics in the context of the target device application. A simple compartment model was presented for this purpose along with a variety of materials and strategies that may be implemented to achieve suitable release profiles.
When it comes to device coatings, there is no one size fits all. The type of device, its composition, site of implantation, bacteria exposure and expected healing times should be factored into the antimicrobial delivery strategy. The type of antimicrobial agent, formulation composition, coating strategy, and release profile need to align with the device's intended use and must not interfere with its primary function or potential for tissue integration.
In addition to the need for controlled local delivery, critical barriers to progress in the field are (1) the need to prevent biofilm formation and eradicate existing biofilms, and (2) the need for an antimicrobial approach that will not impart toxicity to cells required for healing progression. AMPs display several key properties that make them well suited to meet the demands of the next generation of antimicrobial medical devices. They are broad spectrum, rapidly biocidal, and certain structures appear to have excellent activity against biofilm. They function by a different mechanism of action relative to traditional antibiotics and many are effective against multidrug resistant organisms. Application of AMPs is also one way to reduce the burden on conventional antibiotics, thus prolonging their life. De novo designed and mimetic AMPs overcome some of the limitations of natural AMPs to provide improved stability and function within a range of physiological media. Design of high quality controlled release systems capable of maintaining AMP stability both on the shelf and in use will also be critical to success. Welldesigned formulations that provide reproducible delivery of AMPs within therapeutic concentration windows will further contribute to improved combination product safety and efficacy.
